We study the properties of clumps formed in three-dimensional simulations of converging flows in the magnetised, thermally bistable, warm neutral medium (WNM). Based on these simulations we find: (1) Pockets of cold, dense molecular clumps form through thermal instability in the contact layer of the convergent flow. They are characterised by a sharp density jump at the boundary to the WNM. (2) The clumps grow in mass at roughly constant density by the outward propagation of the sharp transition layer to the WNM and, at later times, by coagulation. (3) The clumps are approximately in pressure equilibrium with their surroundings and are well separated in the early stages of the cloud evolution. They typically have mean densities of n ∼ 1000 cm −3 and temperatures of T ∼ 23 K. (4) The clumps internal turbulence is transonic with pressure fluctuations of up to factors of 2 above and below the thermal value of the surrounding WNM. (5) The velocity and magnetic fields tend to be aligned with each other within the clumps, although both are significantly fluctuating, suggesting that the velocity tends to stretch and align the magnetic field with it. We conclude that thermal instability is responsible for the large density contrast between clumps and WNM, while turbulent ram pressure fluctuations together with gravity are responsible for the internal substructure of the clumps. In the final stages of the evolution mergers drive clumps into the gravitationally unstable regime and consequently star formation sets in.
INTRODUCTION
Molecular clouds are the sites of all present-day star formation. Although the existence of molecular clouds in our own and nearby galaxies has been known for a long time (e.g, see Ferrière 2001 , for a historical overview of the ISM), their formation is still an open question. Early studies of the ISM showed that, due to the radiative heating and cooling processes to which it is subject, the interstellar atomic gas is subject to a thermal instability in the temperature range 300 < ∼ T < ∼ 6000 K (Field 1965; Field et al. 1969) , which causes it to spontaneously segregate into a warm diffuse phase (the warm neutral medium, or WNM) and a cold, dense one (cold neutral medium, or CNM). A number of investigations in the last decade have suggested that molecular regions can form by thermal instability nonlinearly triggered by transonic compressions in the WNM, which cause the compressed regions to overshoot from CNM to molecular cloud physical conditions (Hennebelle & Pérault 1999; Koyama & Inutsuka 2000 , 2002 Audit & Hennebelle 2005; Heitsch et al. 2005; Vázquez-Semadeni et al. 2006 , 2007 Hennebelle et al. 2007; Heitsch et al. 2008) . Such compressions can be provided by the collision of large-scale atomic gas streams (e.g. .
In this letter, we present results from our ongoing investigation on the formation of molecular clouds with threedimensional adaptive mesh refinement (AMR), magnetohydrodynamical (MHD), self-gravitating simulations, performed with the FLASH code (Fryxell et al. 2000) . Whereas in our previous article (Hennebelle et al. 2008 ), where we showed results from simulations performed with the RAM-SES code (Teyssier 2002; Fromang et al. 2006 ) focusing on the global statistical properties of the cloud, here we report on the cloud evolution and on the physical properties of the clumps within the cloud.
We describe our numerical setup and initial conditions in Sec. 2, present our results in Sec. 3, and conclude in Sec. 4.
NUMERICAL MODEL
We model the converging flows of warm neutral, atomic gas as large-scale cylindrical streams, whose evolution we follow with the FLASH code under ideal MHD conditions. We plan to include ambipolar diffusion (AD) in future contributions. Our setup is similar to the non-magnetic SPH simulation of Vázquez-Semadeni et al. (2007) (see their Fig. 1 ). Each stream is 112 pc long and has a radius of 32 pc. They are embedded in a (256 pc) 3 simulation box. Although the numerical box is periodic, the cloud occupies a relatively small volume far from the boundaries, and so the cloud can interact freely with its diffuse environment, with relatively little effect from the boundaries.
The cylindrical streams are given an initial, slightly supersonic inflow velocity so that they collide at the centre of the numerical box. The inflow speed of each stream corresponds to a Mach number of 1.22, where the initial temperature of the atomic gas is 5000 K implying a sound speed of 5.7 km s −1 . (Note that our inflow speeds are a factor of 5/3 smaller than the one in Vázquez-Semadeni et al. (2007) as we use the isothermal speed of sound rather then the adiabatic one.) We also add 10% random velocity perturbations to the bulk stream speeds. The initially homogeneous density is n = 1 cm −3 (ρ = 2.12 × 10 −24 g cm −3 ). If not otherwise stated we report on the results from our weakly magnetised case with a homogeneous magnetic field component of strength Bx = 1 µG, which is parallel to the gas streams. We choose this relatively weak field so that the entire box is magnetically supercritical, allowing the cloud to evolve from an initially sub-critical state into a supercritical one, as it accretes mass from the WNM inflows (Hennebelle & Pérault 2000; Hartmann et al. 2001 ).
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These initial conditions result in a ratio of the total mass in the flows, M flows ≈ 2.26 × 10 4 M ⊙ , to the thermal Jeans mass of M flows /MJ ≈ 2 × 10 −3 . The warm neutral medium is far from being gravitationally unstable. On the other hand, the total mass-to-flux ratio, µ = M flows /ΦB = Σ/Bx, is such that µ/µcrit ≈ 2.9, where µcrit ≈ 0.13/ √ G is the critical value (Spitzer 1978) . We estimate the transition time at which the cloud becomes magnetically super-critical as
Furthermore, we use the cooling procedure applied in Vázquez-Semadeni et al. (2007) , which is based on the chemistry and cooling calculations of Koyama & Inutsuka (2000) and the analytic fits to them by Koyama & Inutsuka (2002) .
We follow the gravitational collapse with up to 11 AMR refinement levels, which correspond to an effective resolution of 8192 grid points, or a grid spacing of ∆x = 0.03 pc in each direction. For the dynamical mesh refinement we use a Jeans' criterion, where we resolve the local Jeans' length with at least 10 grid cells (see Truelove et al. 1997 , for the necessary criterion to prevent artificial fragmentation). Lagrangian sink particles are created if the density exceeds n > 2 × 10 4 cm −3 . These particles further accrete the infalling, gravitationally bound gas. We use the properties of these sink particles to quantify the evolution and mass distribution of collapsing regions. We will discuss issues related to star formation and the magnetic field in a separate contribution.
RESULTS
Initially, the collision of the transonic, converging flows produces moderate compressions of the WNM at the collision front, which are sufficient to trigger thermal instability, so that the gas rapidly cools to temperatures well below 100 K, forming a thin sheet that then fragments into filaments and ultimately into small clumps. This process also causes the newly formed dense gas to be turbulent, with a transonic velocity dispersion with respect to its own sound speed (Koyama & Inutsuka 2002; Heitsch et al. 2005; Vázquez-Semadeni et al. 2006; Hennebelle et al. 2008) .
The main difference between the regime in the simulations and the classical two-phase model of Field et al. (1969) is that the entire environment is turbulent and thus the clumps grow with time rather than being statically confined by the WNM because gas is continually flowing from the diffuse phase into the clumps. We refer to this regime as "thermally bistable turbulence" (Hennebelle et al. 2008 ). Moreover, the clumps' internal thermal pressure is in balance with the thermal + ram pressure of the WNM outside them, and so the clumps are at higher densities and pressures than the mean WNM and CNM thermal pressure, overshooting to molecular cloud conditions (Vázquez-Semadeni et al. 2006) . We thus indistinctly refer to the dense gas as "molecular", even though we do not follow the chemistry in our simulations.
In this regime, the "molecular cloud" is actually composed of a mixture of diffuse and dense gas, with a significant fraction of gas in the unstable range, which is in transit from the diffuse to the dense phase, thus producing a continuous though bimodal distribution of densities and temperatures (Vázquez-Semadeni et al. 2000; Gazol et al. 2001; Audit & Hennebelle 2005) . In Fig. 1 we show the structure of the molecular cloud from our converging flow simulation about 5 Myr after the first regions collapse and form stars. In particular, from the face-on image one can see that the "molecular cloud" is not a homogeneous entity, but rather it is composed of dense clumps (which should be mostly molecular) embedded in somewhat less dense filaments (which may be partly molecular and partly atomic) (see also Vázquez-Semadeni et al. 2007; Hennebelle et al. 2008) .
The individual clumps of cold, dense gas grow in size preferentially in the direction perpendicular to the large scale flows at roughly constant mean density, as gas con- The first regions which show active star formation appear about 17 Myr into our simulation. The molecular cloud is largely inhomogeneous, where the molecular gas (log(N/cm −2 ) > ∼ 20.5) resides within the warm atomic gas (see also Hennebelle et al. 2008) . Note that the simulation box is 4 times larger (i.e. 256 pc each side) than the area shown here. tinues to flow into them. Later in the evolution, the clumps become sufficiently massive to exert a gravitational force on the surrounding gas, maintaining the inflow. During their growth, they also tend to coalesce with other nearby clumps. In Fig. 2 we show the evolution of a typical clump in our simulation, which exhibits these growth stages. After a few million years, the clump becomes self-gravitating and starts to collapse.
To examine the structure of these molecular clumps we show maps of the temperature, pressure, and strength of the magnetic field of one typical clump in Fig. 3 . From the density and temperature maps one can see that this clump is a well defined object with sharp boundaries, which correspond to the diffuse/dense phase transition (although in other cases, the boundaries are smoother, as in the case of the clump seen at the upper right edge of the three panels in Fig. 2) . At this stage of the evolution, the temperature inside the dense clump is T ∼ 20 − 50 K, whereas the surrounding atomic gas is still at T ∼ 5000 K. The density contrast between the molecular clumps and the atomic medium is also very high (a factor of ∼ 100), as it is provided by the thermal bistability. However, the thermal pressure field is seen to have large fluctuations inside the clump, in fact exceeding those seen in the surrounding WNM. The largest values of the thermal pressure inside the clump are probably caused by the beginning of the gravitationally-contracting phase of these regions. Such large thermal pressure fluctuations are a reflection of the chaotic character of the ram pressure in the clump's environment.
The interior of the clump is seen to be roughly isothermal, with temperature fluctuations of a factor of ∼ 2, and to have density fluctuations by factors of nearly an order of magnitude, which must then be the result of the transonic Figure 3 . Shows the structure of one typical clump which forms in the thermally unstable WNM gas. The images show 2D slices of the temperature (left, log scale), thermal pressure (middle, linear scale), and magnetic field strength (right, linear scale). The arrows in the temperature and pressure plots indicate the velocity field and, in the right panel, the magnetic stream lines. The cold (T ∼ 30 − 50 K), dense (n ∼ 2 − 5 × 10 3 cm −3 ) molecular clump is embedded in the warm atomic gas (T ∼ 5 × 10 3 K) and has a well defined boundary. Due to the thermal properties of the ISM (see Fig. 2 of Vázquez-Semadeni et al. 2007 , for the equilibrium pressure), such clumps are almost in pressure equilibrium with their surrounding. The overdense clumps exert a gravitational force on the low density environment where gas continues to stream into the clump predominately anti-parallel to the magnetic flux lines (see also Fig. 2 ).
turbulence within the clump, whose velocity dispersion is ∼ 0.4 km s −1 (see also Klessen et al. 2005 ). The fact that the turbulence in the clumps shortly after their condensation is transonic, just as is the turbulence in the surrounding WNM, is remarkable. It appears to be consequence that the ram pressure fluctuations in the cold gas are excited by the ram pressure of the warm gas, i.e., ρwv Concerning the magnetic field, from panels b and c of Fig. 3 , we see that it tends to be aligned with the velocity field in the dense regions, although it is also highly distorted there (recall the initial configuration had the magnetic field parallel to the x axis), a phenomenon already observed in the 2D simulations of Passot et al. (1995) . The tangling indicates that the field has been strongly distorted by the turbulent motions in the compressed regions. In this case, the alignment with the velocity field is probably a consequence of the fact that motions non-parallel to the field tend to stretch and align it along with them (Hennebelle & Pérault 2000) .
To study the collective properties of all clumps in the molecular cloud, we apply a simple algorithm to identify them in our simulation data. We define clumps as connected regions wit density above a certain threshold, which we take as n thres = 500 cm −3 . In Fig. 4 we show some of the averaged intrinsic properties of the clumps found at t = 22.5 Myr. The mass range of these clumps spans 2 − 400 M ⊙ at this time. Clumps more massive than ∼ 200 M ⊙ are Jeans unstable (see the top panel of this figure where we show the ratio M/MJ as a function of the clump mass M ). Some regions within these massive clumps are collapsing and will form stars (we track the collapsing regions with sink particles).
The average density and temperature depend only weakly on the clump masses. This reflects the fact that the molecular clumps are growing in size while remaining roughly at the same density until they start to collapse. The velocity dispersion σ in the clumps increases with clump mass, which, together with the fact that the clumps have roughly the same density, implies that σ increases with size. However, note that the dynamical range of the clump sizes is not more than one decade and the scatter in the velocity data is quite large. This prevents us here from fitting a proper σ-L relation. Moreover, since we have only used a single threshold for defining the clumps, which corresponds to the phase transition between the dense and diffuse phases, we are biasing the sample towards a particular kind of clumps, and neglecting the cores within them. In a future study we will use a range of thresholds, which will produce a larger dynamic range in density and sizes. Estimating a speed of sound of ∼ 0.4 km s −1 we find that most of the clumps are sub-or transonic. Only the most massive clumps, which are already in the state of collapse, develop larger supersonic velocities.
The typical field strength in the clumps is a few µG, reaching up to 10 µG in two of the most massive, collapsing clumps. Since we are only identifying clumps that have mean densities ∼ 1000 cm −3 but not their substructure, we do not find a clear scaling between the field and the clumps' mean density. Indeed, in Hennebelle et al. (2008) we found, on the basis of pixel-by-pixel statistics, that a relation B ∼ n −1/2 appears only above these densities, in agreement with observational results (Crutcher et al. 2003) . That is, the relation appears for the substructure within the clumps, where gravity most certainly plays a role in driving the density fluctuations. Almost all clumps show a critical or super-critical mass-to-flux ratio, µ, with a mass dependence of µ ∝ M 0.25 2 . While the individual clumps inside the molecular cloud grow and merge, the cloud continues to accrete mass from the WNM (see Fig. 5 for the cloud mass evolution). Eventually, this leads to the global contraction of the entire cloud. . Summarises indicated statistical properties of the molecular clumps which we identified in the cloud at t = 22.5 Myr. These quantities are plotted as functions of the total mass in the clumps (i.e. M = Mgas + M sinks ). The clumps indicated by stars (*) have already formed sink particles. M J is the thermal Jeans mass and µ is the mass-to-flux ratio, where µ crit is the critical value. We also show the best fit power laws as indicated in the panels.
In our simulation this happens at t ∼ 20 Myr which is about 15 Myr after the first dense clumps have formed. The increased gravitational potential in the centre of the cloud further compresses the gas, therefore converting an increasing amount of diffuse gas into the dense phase, and enhancing coalescence of the already existing clumps. This also leads to enhanced gas densities and large regions of ( > ∼ 20 pc in diameter) of mainly "molecular" gas. These should be the 
CONCLUSIONS
In this letter we have reported results on the physical properties of the dense gas (which we refer to as "molecular") structures formed by transonic compressions in the diffuse atomic medium, using 3D MHD simulations including self-gravity, and in the presence of thermal bistability. We have defined the clumps as connected regions with densities n ≥ 500 cm −3 , which selects the clumps formed by a phase transition from the diffuse to the dense phases of thermal instability (TI), thus neglecting fragmentation within these structures.
We found that the transition between such clumps and the diffuse medium is generally sharp, with both media being at roughly the same thermal pressure, similarly to the situation in the classical two-phase medium of Field et al. (1969) . The clumps are nearly isothermal inside, with mean temperatures ∼ 25 K. However, a key difference between the classical model and the results of our simulations is that the clumps are formed dynamically from the surrounding WNM, implying that they are subject also to a ram pressure from the WNM of magnitude comparable to the thermal pressure. Ram pressure, besides having an additional confining role, as envisioned by McKee & Zweibel (1992) , also implies a net flux of mass from the diffuse medium into the clump Ballesteros-Paredes 2006) , causing the clumps' mass and size to grow in time at roughly constant density, and driving them to eventually become gravitationally unstable and collapse (see also Ballesteros-Paredes et al. 2003; Klessen et al. 2005; Gómez et al. 2007 ). Moreover, the ram pressure from the diffuse medium is turbulent and fluctuating, inducing transonic turbulence within the clumps which, as a consequence of the joint conditions of total (thermal + ram) and thermal pressure balance, must have an rms Mach number comparable to that in the diffuse gas.
The transonic turbulence in the clumps induces density fluctuations of nearly one order of magnitude, which then provide the seeds for subsequent gravitational growth as the clumps approach their Jeans mass. Furthermore, the turbulent velocity dispersion within the clumps increases with their mass, resp. size. As the clumps grow preferentially in lateral directions this scaling is consistent with those inferred from observations (Larson 1981; Heyer & Brunt 2004 ).
The magnetic field shows a significant level of alignment with the velocity field, but also large fluctuations in magnitude and direction, suggesting that it has been significantly distorted by the turbulent motions in the dense gas.
The molecular clumps and the cloud as a whole are dynamical and evolve and with time. After some 20 Myr of evolution, some regions have already undergone local collapse and started to form stars, while other clumps do not yet show signs of star formation, similarly to the suggestion by Elmegreen (2007) for clouds behind the spiral arms of the Galaxy. The age spread in star formation times is at least 10 Myr. During the evolution of the cloud, global gravitational focusing enlarges connected molecular regions in the centre of the cloud. In this central region the gas reservoir is sufficient and gas densities are high enough to allow the formation of massive stars (e.g., see Zinnecker & Yorke 2007; Vázquez-Semadeni et al. 2008 , for the conditions for massive star formation).
